Abstract. A new scenario of AMPTE/CCE observation of substorm onset and current disruption and the corresponding physical processes is presented.
Introduction
A critical process in the previously established view of the substorm onset and current disruption based on the observation of AMPTE/CCE spacecraft is the explosive growth phase (which lasts 30 seconds)
at the approach of current disruption onset [Ohtani et al., 1992] . During the explosive growth phase a large upsurge in the duskward ion bulk drift to nearly the ion thermal velocity is found near the local midnight sector which could lead to the excitation of the cross-eld current instability (CCI) during the cross tail current disruption phase [Lui, 1996] . In this paper a new scenario of the AMPTE/CCE observation of substorm explosive growth phase, onset and current disruption is presented. In particular, toward the end of late growth phase (approximately 2 minutes before the onset of current disruption) plasma pressure be-comes isotropic and increases to 50 and we h a v e found that a low frequency global instability with a wave period of 50 75 seconds is excited and grows exponentially to a large amplitude with B=B 0:3 at the onset of current disruption. The half wave p eriod of the instability before the current disruption onset corresponds to the explosive growth phase. At the current disruption onset higher frequency instabilities (with wave periods 15 sec, 10, sec, 5 sec, etc.) are excited and the plasma and electromagnetic eld form a strong turbulent state for 4 5 minutes.
During the strong turbulent state anomalously fast plasma transport and heating take place to modify the average plasma pressure and ow proles so that the ambient magnetic eld recovers from a tail-like geometry to a more dipole-like geometry.
Two k ey issues need to be resolved in order to further understand the physical processes of the current disruption and subsequent magnetic eld dipolarization: (1) the excitation mechanism and the high plasma threshold ( 50) of the low frequency global instability that underlines the explosive growth phase; (2) the physical mechanism of the enhanced ion drift in the explosive growth phase that leads to excitation of higher frequency instabilities. To understand these two k ey issues, we h a v e developed a new theory of kinetic ballooning instability (KBI), which results from the release of conguration space ballooning free energy of nonuniform pressure with gradient in the same direction as the magnetic eld curvature. Previously ballooning instability based on ideal MHD model has been proposed to explain the current disruption [Roux et al., 1991] . Ideal MHD ballooning mode theory would predict a low c ( 1) for instability, which is contrary to the high values ( 20) observed by AMPTE/CCE throughout the late growth phase. In this paper we show that kinetic eects such as trapped particle dynamics, nite ion Larmor radii (FLR) and wave-particle resonances are important in determining the stability of KBI and we are able to answer these two k ey issues of substorm onset and current disruption.
The kinetic ballooning instability theory properly explains the wave frequency, growth rate and high c ( 50) of the low frequency instability observed by the AMPTE/CCE. Because the wave phase velocity along the eld line is smaller than the electron thermal velocity, the trapped electron eect coupled with ion FLR eects causes a large parallel electric eld and thus a much enhanced parallel current which greatly enhances the stabilizing eld line tension over the value expected from the MHD theory. As a result, a m uch higher c than that based on the ideal MHD model is obtained with c O(10 2 ) MHD c , where MHD c is the critical predicted by the MHD theory. The eect of the wave-ion magnetic drift resonance with ! ! di = 0, where ! di is the ion magnetic drift frequency, provides an additional channel to release the free energy and typically reduces c by up to 20%.
Another consequence of the wave-particle resonance is to produce a localized perturbed ion distribution in the velocity space centered around v y = v di , where v y is the particle velocity in the dusk direction and v di is the average ion magnetic (rB and curvature) drift velocity. As KBI grows to a large amplitude, the perturbed ion velocity distribution increases so that @f i =@v y > 0 for v y v di , which provides an additional free energy source for higher frequency instabilities such as CCI. As the higher frequency instabilities quickly grow to large amplitudes, they combine with KBI to form a strongly plasma turbulence, which leads to anomalously large plasma transport and heating in the current disruption phase. In a few minutes the plasma decreases and the pressure prole relaxes to a more quiet time-like prole and the magnetic eld recovers to a more dipole-like geometry. Thus, the new substorm scenario emphasizes a global low-frequency mode (KBI) which can naturally account for the explosive growth phase and the initiation of subsequent current disruption through a combination of KBI and CCI.
Low F requency Global Instability Observed by AMPTE/CCE Evidence for the low-frequency perturbations occurring prior to current disruption onset can be found in detailed examination of magnetic eld during current disruption events. Figure 1 shows the result of such an analysis. Magnetic eld measurements from AMPTE/CCE on August 30, 1986 were studied. The satellite was in the midnight local time sector, MLT = 23.5, at a radial distance of approximately 8R E . The current disruption onset time is determined to be at 11:52:40 UT [Takahashi et al., 1987; Lui et al., 1992; Ohtani et al., 1995] . To extract the low frequency components of the uctuations, we employed successive smoothing of the original signals with normalized binomial coecients as previously used in [Lui and Najmi, 1997] . The derived magnetic eld perturbations in the cylindrical (V , D, H) components were then converted into components in the unperturbed It is interesting to note that there is almost no magnetic eld uctuation before the low frequency global instability w as observed. Although not shown here, the general characteristics of the low frequency perturbation given here are also found in another current disruption event (June 1, 1985) [Lui et al., 1992] which w e h a v e examined. The 30sec exponential growth phase period of the low frequency global instability (with amplitude reaching B=B 0:3) just before the current disruption onset was previously called "explosive growth phase" [Ohtani et al., 1992] which is accompanied by a large duskward shift of the ion velocity distribution function and hence a signicantly enhanced cross-tail current density [ Lui, 1996] . This enhanced cross-tail ion drift population is responsible for exciting higher frequency instabilities such as CCI which together with the low frequency global instability last through out the current disruption phase and form a strong magnetic eld turbulence.
During the late growth phase of substorms the plasma pressure in the midnight sector of the nearEarth tail ( 7 9R E ) observed by the AMPTE/CCE [Lui et al., 1992] usually increases 50% from 10 minutes prior to the current disruption onset to the time the low frequency global instability is observed. The corresponding plasma usually increases from 10 to 60. This pressure change leads to crosstail current enhancement and thinning of the plasma sheet. Although there is no observational determination on the pressure prole during the late growth phase, it is reasonable to expect that the plasma pressure decreases monotonically with increasing radial distance. Energy associated with the current enhancement can be viewed as being stored in the largescale magnetic eld on the nightside.
Kinetic Ballooning Instability
Based on the AMPTE/CCE observation of particle data [Lui et al., 1992; Lui, 1996] , at the end of the growth phase the average electron energy is about 5keV and the average ion energy is about 10keV. The particle velocity distribution function does not have appreciable bulk drift and the plasma pressure becomes isotropic in the late growth phase in a few minutes before the onset. The average ion magnetic drift velocity e v aluated at the average ion energy is about the same as the ion thermal velocity i f t h e r B scale length is on the order of average ion Larmor radius. With these information we consider KBI perturbations with the orderings: k ? i O(1) and k k k ? and v the > (!=k k ) > v thi [Cheng, 1982b [Cheng, , 1982a , where the subscripts k and ? represent parallel and perpendicular components to the equilibrium magnetic eld. With these orderings the following kinetic eects must be considered: trapped electron dynamics, ion FLR eect and wave-particle resonance with ! ! di = 0 . W e shall obtain approximate solutions of the perturbed particle distributions based on the gyrokinetic formulation by assuming that both electrons and ions have local Maxwellian equilibrium distribution functions [Cheng et al., 1995] .
We shall consider a three-dimensional magnetospheric equilibrium with the magnetic eld expressed as B = r r , where is chosen as the mag-netic ux function which is a function of L-shell only and is an azimuthal-angle like v ariable with a period of 2. The guiding center particle equilibrium distribution is assumed to be F = F(E; ) so that the equilibrium pressure is a function of only. We consider perturbations with k k L k > 1 and k ? L ? > 1, and L k > L ? , where L k;? are the parallel and perpendicular background equilibrium scale lengths respectively. W e assume a WKB eikonal representation for perturbed quantities, i.e., f(x;ṽ;t) = f(s; k ? ;ṽ;t) exp i R dx ? k ? !t .
Including full FLR eects the perturbed particle distribution function can be expressed in terms of the rationalized MKS unit as f = ( q=M)@F=@E[(! T ? =!) (1 ! T ? =!) 1 J 0 e iL + ge iL , where M is the particle mass, q is the particle charge, B is the mag- . W e note that the gyrokinetic formulation is still valid for the case i L ? if the the magnetic drift frequency is replaced with the pitch angle average value to account for the non-conservation of the magnetic moment [ Hurricane et al., 1994] .
For electrons we shall neglect FLR eects and consider jv k r k j !;! de . Clearly, trapped and untrapped electrons have v ery dierent parallel dynamics. The un-trapped electron dynamics is mainly determined by its fast parallel transit motion, and to the lowest order in (!=jv k r k j) the perturbed un-trapped electron density i s g i v en by [ Cheng, 1982a] n eu = eN eu To obtain perturbed ion distribution function we assume that !;! di j v k r k j , and the nonadiabatic perturbed distribution function is given by
Note that the ion dynamics is mainly determined by its perpendicular motion and the perturbed ion density is given by From the charge quasi-neutrality condition we obtain the parallel electric eld potential
+ T e eN e (n i n e ) (7)
In comparison with the limit without trapped electron eects, the parallel electric eld is enhanced by N e =(N eu + N et ) which i s m uch larger than unity near the equator for b i O(1). Making use of the parallel Ampere's law the perturbed parallel current is given by J k ' ir 2 ? r k ( ) =!, which represents the enhancement of stabilizing eld line tension due to eects of trapped electrons and ion FLR. To obtain the eigenmode equation for ballooning instability w e follow the derivation presented in the paper by Cheng et al. [1995] . By multiplying the gyrokinetic equation with particle charge, integrating it over the velocity space and summing it over all species, and making use of the parallel component o f the Ampere's law w e obtain B r [Cheng, 1991; Cheng and Qian, 1994; Cheng et al., 1995] .
Equations (7) and (8) form a coupled set of kinetic ballooning eigenmode equations for solving and along the eld lines and the eigenvalue !. W e also need to obtain the nonadiabatic contributions of perturbed electron density, n et and n i , and perturbed particle pressures, p k and p ? . The eigenmode equations include kinetic eects of trapped electron dynamics, parallel electric eld, full ion FLR, and wave-particle resonances. Considering the ordering ! ! de ; ! di , the nonadiabatic density and pressure responses in Eqs. (7) and (8) If ! ! di , the wave-ion magnetic drift resonance can modify the growth rate and critical . T o fully evaluate the eect of wave-ion magnetic drift resonance, we need to retain ion nonadiabatic responses in perturbed density and pressures. Numerical studies of KBI have been performed for tokamaks previously [Cheng, 1982b [Cheng, , 1982a and the results indicated that the eect of the wave-ion magnetic drift resonance is to reduce c by at most 20% and the real frequency of KBI will increase to ! pi at critical . W e expect the results for the magnetosphere will be qualitatively similar to the tokamak case and the detailed numerical solutions will be presented in the future.
One consequence of the wave-ion magnetic drift resonance is that as KBI grows to a large value with B=B 0:3 the perturbed resonant ion velocity distribution has a positive slope near the duskward resonant ion magnetic drift velocity. This can be clearly seen from the (! ! di ) resonance denominator in the perturbed ion distribution. Because ! r ' ! pi =2, the wave-ion magnetic drift resonance will occur at v di = T i B r P i = (2eP i B 2 ) ' v thi i =2L pi , where i is the ion Larmor radius and L pi is the ion pressure gradient scale length. Thus, jv di j v thi for i L pi .
Summary and Discussion
In this paper we h a v e identied a new scenario and physical processes of substorm onset and current disruption observed by AMPTE/CCE. Approximately 2 minutes before the current disruption onset, a global kinetic ballooning instability with period of about 50 75 seconds is excited as the plasma increases above a high threshold value of 50. The plasma in the growth phase is usually larger than 10 which is much larger than the ballooning mode threshold based on the ideal MHD theory. As KBI grows to a large amplitude with B=B >0:3, the wave-ion resonance with ! ! di = 0 produces a perturbed ion distribution centered around v y v di and thus the full ion distribution function has a positive slope with @F i =@v > 0 for v y v di . The perturbed ion distribution provides the velocity space free energy to excite instabilities such as CCI. As these low and high frequency instabilities grow, a strong plasma turbulence can be developed fully to yield large plasma transport (via diusion, convection as well as magnetic reconnection) and heating. In a few minutes the plasma pressure prole averaged over the fast uctuation time scales is changed so that the magnetic eld recovers to a more dipole-like geometry that satises the force balance equation.
